Introduction
The extremely polar nature of the amide carbonyl bond makes amides very effective as solvents (as in the classic dipolar aprotic solvent dimethyl formamide) and as ligands for hard metal centres. 1 Incorporation of the amide functionality within a cyclic 25 lactam offers increased control over the amide bond polarity. Pyrrolidone and caprolactam derivatives in particular are common, commercially important functional groups because of the high polarity and hence high hydrophilicity and surface affinity of their amide carbonyl groups. 2 As a result, lactam 30 oligomers and polymers have remarkable properties, such as very high hydrophilicity (including water solubility), and high surface activity such that they find a range of applications, for example polyvinylpyrrolidone and polyvinylcaprolactam in the inhibition of gas hydrate crystallization in the oil industry. [3] [4] [5] Other 35 applications include uses in the pharmaceutical, cosmetic and detergent industries and in membranes, glue sticks, hot-melt adhesives, hydrogels and for crop protection. 2 The bis(pyrrolidone) derivative 1-{2-[2-(2-oxo-pyrrolid-1-yl)-ethoxy]-ethyl}-pyrrolid-2-one (1, Fig. 1 ) and related compounds 40 have been recently reported to have a number of commercially important properties as solvents, solubilising agents, freezing point depressors, dispersants, reaction media and cleaning agents. 6 This versatility means that this type of compound offers a huge range of potential uses in fields such as performance 45 chemicals, personal care and pharmaceutical formulation. The mode of action of these fascinating materials is not fully understood, but interactions of the highly polar amide carbonyl moiety with other formulation components are likely to be core to the materials' properties. By analogy to the well-known crown ethers [7] [8] [9] and their acyclic podand analogues, 10, 11 we postulate that materials such as compound 1 should act as effective chelants for alkali metal 55 cations. Such complexes should have versatile applications, for example as part of a delivery formulation for drug alkali metal cation salt forms. The high negative charge density on the lactam carbonyl groups is expected to result in particularly strong complexation of hard metal ions, in contrast to crown ethers, for 60 example. Some clue to the likely success of this strategy comes from early work on the coordination of lanthanide and actinide ions by bis(pyridone) and bis(pyrrolidone) ligands in which the twin amide moieties are linked by a single oligomethylene chain. [12] [13] [14] We now report the synthesis and structures of a range of metal ion complexes of compound 1 and its short-chain analogue 1,3-bis(pyrrolid-2-on-1-yl)butane (2) , model compounds for polyvinylpyrrolidone hydrate crystallization inhibitors. 15 5 
Results and Discussion

Sodium Salts
Reaction of compound 1 with NaPF 6 in acetonitrile followed by solvent evaporation after brief sonication to aid dissolution results in the isolation of three crystalline solids; two discrete complexes 10 of formulae [Na (1) 2 ]PF 6 (3) and [Na 3 (H 2 O) 2 (µ-1) 2 ](PF 6 ) 3 (4) , and a coordination polymer {[Na 3 (µ 3 -1) 2 (µ 2 -1) 2 ](PF 6 ) 3 } n (5), with metal:ligand stoichiometry 1:2, 3:2 and 3:4, respectively. The product obtained is dependent primarily on the ratio of metal salt and ligand added and highlights the extremely versatile 15 coordination behaviour of ligand 1. The same reaction in methanol or 2,2-dimethoxypropane results in the isolation of a 1:1 complex, namely [Na 2 (µ-1) 2 (MeOH) 2 ](PF 6 ) 2 (6). The new complexes were characterised using elemental analysis, IR spectroscopy, thermogravimetric analysis (TGA) and X-ray 20 crystallography (see experimental section for analytical and crystallographic details). For all complexes a notable shift in the amide carbonyl stretch in the solid state IR spectra is observed upon metal complexation. The carbonyl stretching mode occurs at 1674 cm -1 in a thin film of compound 1 shifting to 1650 -1661 25 cm -1 suggesting a shift towards the enolate resonance form upon complexation. Spectra are reproduced in the supplementary material.
The X-ray molecular structure of 3 is shown in Fig. 2 The molecular structure of the 3:2 complex 4 appears to be closely related to 3 in the sense that one Na + cation is again sandwiched between two bis(pyrrolidone) ether ligands (Fig. 3) in order to face and mutually bridge the two 'incoming' Na + ions. These multiple bridging modes highlight just how versatile a ligand the pyrrolidone is. The remaining coordination sites of the two 'extra' (non-sandwiched) sodium ions are occupied by interactions to coordinated water, and one bridging and one 75 terminal PF 6 -anion each. This interesting structure is apparently a response to the presence of excess sodium in the reaction mixture and maximises the donor interactions for a limited number of ligands. Most interestingly the Na(1)-O pyrrolidone distances are very similar to the distances observed in 3 despite 80 the multiple bridging mode of the donor atoms (2.35 Å av.). The distance to the ether oxygen atom is rather shorter than in 3 at 2.418(6) Å. The third structure in this sequence, complex 5 exhibits a 3:4 metal-ligand ratio and hence represents the adaptation of the 105 system to the presence of a dearth of sodium rather than an excess as in the previous case. The structure is again based on the sandwich motif but in this case two Na + cations, Na(2) and Na(3), are sandwiched in a similar fashion to 3 by a total of three bis-Nethylpyrrolidone ether ligands. Each of these two Na + cations is 110 situated in an environment closely related to the coordination geometry of the sandwiched Na(1) + ion in 4 and hence also interact with the ether donors with distances of 2.35 -2.50 Å, comparable to 3 and 4. The remaining Na + cation, Na (1) , is bound to a total of four pyrrolidone oxygen atoms that are part of the sandwiched core; two doubly bridging and two triply bridging. This 'peripheral' sodium ion also binds to two further bis(pyrrolidone) ether ligands solely via the pyrrolidone oxygen atoms (the ether groups are uncoordinated, highlighting the better 5 donor properties of the former). Each of these ligands, in turn, binds to adjacent Na 3 clusters to give an infinite 1D coordination polymer with metal clusters arranged like beads on a string, Fig.  4 . As with 3 the disordered PF 6 -anions do not make a close approach to the metal centre and are bound in pockets above the 10 ligand again by CH⋅⋅⋅F interactions.
Changing the solvent from the dipolar aprotic acetonitrile to methanol or dimethoxypropane allows the isolation of a 1:1 complex [Na 2 (µ-1) 2 (MeOH) 2 ](PF 6 ) 2 (6) from an equimolar solution of metal salt and ligand. In the latter solvent the 15 methanol ligand apparently arises from the acid hydrolysis of the 2,2-dimethoxypropane as a result of residual HF in the NaPF 6 . The structure of 6 (Fig. 5) is related to the 'sandwich' series 3 -5 obtained from acetonitrile in the sense that each sodium cation is capped by a tridentate bis(pyrrolidone) ligand. The structure 20 comprises a centrosymmetric dimer with each of the two ligands 1 binding to both Na + cations via a bridging pyrrolidone oxygen atom. The other pyrrolidone oxygen atom and ether donor of each the ligands are bound to only a single metal centre. Each metal coordination sphere is completed by a molecule of methanol, 25 strongly hydrogen bonded to the non-bridging pyrrolidone oxygen atom and by a coordinated PF 6 -anion to give an octahedral coordination geometry. Distances from the Na + ion to the pyrrolidone oxygen atoms are again shorter than to the ether donor and interestingly the bond lengths to the bridging and 
Since the PF 6 -counter anion is weakly coordinating in complex 6, use of the alternative sodium tetraphenylborate (NaBPh 4 ) was examined in an attempt to further reduce counter anion coordination to the metal centre. The structure of complex 7 is analogous to compound 6, with one carbonyl group and the ether oxygen of ligand 1 binding to a single metal centre via donor atoms O(1) and O(3), while the remaining carbonyl group, O(2), forms a bridge between the two metal centres. As in the previous structures, the carbonyl oxygenmetal bond distance is slightly shorter than the ether-metal bond , but as in 3 the bond to the central ether unit is longer and hence likely to be weaker coordinated than the pyrrolidone groups. The structures of both solid forms of 10 ( Fig.   8 ) proved to be disordered with the pyrrolidone rings adopting two positions; however, the gross structural features can be 60 readily distinguished. Moreover, the structure of the cation and coordination mode of the bis(pyrrolidone) ligand in each case is essentially identical with an unusual quadruply bridging water molecule in the centre of the cluster disordered over two positions. The tetrameric complexes of type 10 appear to be in the 65 same 'series' as the sodium complexes 3 -6 in the sense that pyrrolidone oxygen atoms bridge between pairs of metal cations. However, the larger ionic radius of K + allows the cluster to open up into a higher nuclearity species. As with 9, the bond distances are generally significantly shorter to the pyrrolidone oxygen 70 atoms than to the ether units in both structures of type 10, although the poor precision of the data limits the value of detailed quantitative comparisons. Crystallographic disorder takes the form of 'up-down' disorder of the bridging water molecule which caps a square face of K + ions but can be on either side of the 75 metal square. As a result there is void space within the ligand pocket on the other face that is occupied by an additional, partially occupied water molecule. K + -OH 2 distances are unreliable because of disorder but appear to be of a similar length to the pyrrolidone oxygen bonds to the K + cations. 
Potassium Salts
Protonation
85
A number of attempts were made to isolate Li + complexes of ligand 1; however, no crystalline products were obtained using the same kinds of approaches adopted for sodium and potassium with LiPF 6 , LiNO 3 , LiCl, LiBr or LiI. A crystalline solid isolated from a 1:1 mixture of LiPF 6 and ligand 1 in methanol proved to 90 be a surprising monoprotonated complex of the ligand that did not contain any Li + . The structure of this protonated species 1⋅HPF 6 is shown in Fig. 9 and the fact that a stable acid addition salt can be isolated represents de facto evidence of the highly basic nature of the pyrrolidone oxygen atoms. The lack of Li + 95 incorporation is attributed to the highly solvated nature of the lithium cation in methanol. The structure of 1⋅HPF 6 comprises a zigzag 1D chain of monoprotonated ligands linked by very short and therefore presumably strong hydrogen bonds from the protonated carbonyl group on one ligand to the unprotonated carbonyl on the next. The hydrogen bonded O⋅⋅⋅O distance of 2.443(2) Å is consistent with strongly hydrogen bonded oxonium ion species such as H 5 O 2 + . 21, 22 Precedent for the protonation of polar carbonyl moieties comes from the ionic co-crystal of 5 N-methylpyrrolidone with protonated N-methylpyrrolidonium tribromide, and a similar protonated N-methylpyrrolidone dimer in the structure of a polyoxomolybdate cluster, both of which exhibit very similar O⋅⋅⋅O distances to the present case. 23, 24 Figure 9. X-ray crystal structure of the protonated species 1⋅HPF6. Addition of compound 1 directly to ZnCl 2 in the same 35 proportions, followed by addition of solvent, results in the immediate formation of a white crystalline powder upon sonication. Examination of the resultant powder using PXRD, absence of structural data no further conclusions can be reached regarding this material.
1,3-Bis(pyrrolid-2-on-1-yl)butane
In all of the complexes 3 -10, coordination of ligand 1 occurs via 50 both the pyrrolidone and ether oxygen atom donor groups, albeit with significantly longer bonds to the ether unit. For comparison we attempted the reaction of alkali metal salts with 1,3-bis(pyrrolid-2-on-1-yl)butane (2) 15, 25 which does not contain an ether group. We were successful in isolating the fascinating 2:3 55 trigonal 1D coordination polymer complex {[Na 2 (µ-2) 3 ](PF 6 ) 2 } n (12) by reaction of 2 with NaPF 6 in a ca. 1:2 metal to ligand ratio by slow evaporation of a methanol solution (Fig. 11) . The crystal structure comprises two independent polymeric chains both based on unusual trigonal antiprismatic Na + cations coordinated to the are all homochiral but the configuration at the asymmetric carbon atom alternates along the chain to give an achiral but polar structure. Na-O distances are in the range 2.43 -2.57 Å, rather longer than the distances in 3 for example, reflecting steric strain in the smaller ligand.
70 Figure 11 . X-ray crystal structure of the coordination polymer {[Na2(µ-2)3](PF6)2}n (12) . Hydrogen atoms and counter ions are omitted for clarity.
Conclusions
The bis(pyrrolidone) ether ligand 1 is an effective metal ion 75 chelant for sodium and potassium ions, forming significantly shorter bonds via the pyrrolidone oxygen atoms than the ether donor, highlighting the highly basic nature of the pyrrolidone carbonyl groups. This characteristic is also exemplified by the isolation of the protonated form of the ligand in the presence of 80 LiPF 6 . No lithium complexes were isolated, which is attributed to the higher solvation energy of the Li + cation. The ether oxygen atom is not necessary to bring about metal ion complexation as exemplified by the structure of complex 12 involving the shorter bis(pyrrolidone) ligand 2 and coordination to zinc(II) occurs without the involvement of the ether oxygen atom in 11. The ligand 1 is extremely versatile in its coordination modes because of the ability to form both bridging and terminal interactions. As 5 a result a wide variety of stoichiometries are encountered with the product, and hence coordination cluster nuclearity is determined mainly by the ratio of reactants introduced. Solvent also plays some role with alcohols and aqueous media resulting in different species to those observed in acetonitrile. Complexes containing 10 bound protic solvent are extensively hydrogen bonded and the hydrogen bonding interactions may well act to stabilise the crystal and hence determine the particular species isolated as a result of solubility effects in these labile systems. The identity of the metal ion does not appear to be critical in determining 15 coordination behaviour as may be anticipated from the ligand's high degree of flexibility although bond distances to K + are slightly longer than those to Na + as would be expected. The sheer versatility of the alkali metal ion complexation properties of ligand 1 coupled with its high solubility and facile synthesis 20 suggests that it may have applications as a delivery agent for alkali metal salts of materials such as drug substances, for example.
Experimental
General 25 (1) and 1,3-bis(pyrrolid-2-on-1-yl)butane (2) were supplied by Ashland Inc., and used without further purification. Sodium hexafluorophosphate, sodium tetraphenylborate, potassium 30 hexafluorophosphate, lithium hexafluorophosphate and zinc chloride were purchased from Sigma-Aldrich and used without further purification.
1-{2-[2-(2-oxo-pyrrolid-1-yl)-ethoxy]-ethyl}-pyrrolid-2-one
IR spectra were measured with a Perkin-Elmer 100 FT-IR 35 spectrometer, using an ATR attachment. Crystals suitable for single crystal X-ray diffraction structure determination were selected, soaked in perfluoropolyether oil and mounted on a preformed tip. Single crystal X-Ray data were collected at 120K on an Agilent Gemini S-Ultra diffractometer equipped with the 40 Cryostream (Oxford Cryosystems) open-flow nitrogen cryostats, using graphite monochromated MoKα-radiation (λ = 0.71069 Å). All structures were solved by direct methods and refined by fullmatrix least squares on F 2 for all data using SHELXL 26 and OLEX2 27 software. All non-hydrogen atoms were refined with 45 anisotropic displacement parameters. CH hydrogen atoms were placed in calculated positions, assigned an isotropic displacement factor that is a multiple of the parent carbon atom and allowed to ride. H-atoms attached to oxygen were located on the difference map when possible, or placed in calculated positions. In some 50 cases disordered H atoms could not be included in the model.
Synthesis of Coordination Compounds
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